to adjust to the new dilution regime before consistent growth rates and culture health were 1 8 8
achieved. These changes led to a substantial improvement in culture health and maximum 1 8 9
growth rates. Cell densities of all replicate cultures were determined at each transfer for the
remainder of the experiment using a CASY particle counter (Schärfe System GmbH, Reutlingen,
Germany), and average population growth rates for each propagation period determined by
taking log(N t /N 0 )/t, where N is the population density and t is time in days; growth assays in
which cell densities were estimated daily were conducted periodically throughout the selection carrying capacity. Determination of temperature-dependent trait values 1 9 8
To evaluate evolutionary change in physiological traits, we conducted temperature-dependent 1 9 9
(after ~350 generations) and nitrate-dependent (after ~400-450 generations) population growth 2 0 0 assays on evolved selection lines. To derive temperature-dependent trait values, we fit a recent 2 0 1 model proposed by Thomas et al. (2017) , in which birth and death are both exponential functions 2 0 2 of temperature. The resulting curve is a unimodal, left-skewed thermal reaction norm (TRN).
0 3
The double-exponential model (DE model, hereafter) is as follows: is the temperature-independent death rate. We derived T opt analytically by taking the derivative of 2 1 0 the thermal performance curve between 10°C and 34°C and setting it equal to zero (see
Appendix A). Per-capita population growth as a function of external nitrate concentration can be 2 1 2 described using the Monod equation (Monod 1949): assay, all assayed lines were acclimated to assay temperatures as above, followed by a 5 day N- 12 Materials Figure S1 ), as was the maximum growth rate at T opt (µ opt ) ( Figure 2B ; SM Figure S1 ).
7 7
CT max was also higher in 31°C-selected lines than in 16°C-selected lines, with one exception
(replicate line 31.5). However, divergence in CT max was smaller than for T opt , <1°C on average 2 7 9
( Figure 2C ; SM Figure S1 ). 16.1; "local" lines also had higher growth rates than "foreign" lines in all cases ( Figure 2D ; SM 2 8 4 Figure S1 ). Taken together, these results are the signature of local adaptation to temperature persisted ( Figure 5A ).
8 9
The peaks of the TRN of 31°C-selected lines appeared sharper, and the left tails more
13
The distance between T opt and CT max ("upper tail length") was smaller in 31°C-selected lines than Figure 3A ; SM Figure S2 ), suggesting that the change in T opt was greater 3 0 1 than the change in CT max at one or possibly both selection temperatures. We also determined the concave-up below T opt , and had inflection points at higher temperatures than 16°C-selected lines each TRN between 0°C and CT max (°C d -1 ), estimated using the "auc()" function in the "flux" R Figure S2 ).
Adaptive divergence in µ max at selection temperatures was likely driven mostly by yielding a net change near zero. 31°C-selected lines, however, first increased µ max rapidly for
~300 generations, after which little change occurred ( Figure S3 ). Between 450 and 500
generations, all five 31°C-selected lines again appear to increase µ max ( Figure S3 ), though
drawing inferences from this short timeframe may be premature. temperature treatments, leading to changes in competitive ability for nitrate in both "home" and 3 2 5
"away" environments. While all selection lines remained locally adapted to their selection
temperatures in terms of their maximum growth rates (µ max ) after 450 generations ( Figure 5A ), at 31°C, regardless of selection temperature ( Figure 5B ). Three out of the five 31°C-selected lines when assayed at 16°C, with one (31.1) dramatically higher ( Figure 5B ). However, at 31°C, ( Figure 5B ). The trade-off between the maximum growth rate and nitrate affinity was apparent in replicates pooled across assay temperatures (Fig. S4) . Evidence that phytoplankton can evolve rapidly in response to environmental change is below, and above T opt , and changes in the total area under the TRN ("AUC", hereafter).
4 7
Adaptation to high temperature resulted in a growth rate decline at low temperatures (a constant-in other words, the derivative of the function may change, but its integral does not selected lines ( Figure 3E ), despite having higher maximum growth rates at and above T opt .
8 3
We propose a modification to Equation (1) that leads to a prediction of greater
temperature specialization in high-temperature adapted strains while also allowing for an cost to reproduction at temperatures below T opt . In high-temperature adapted species, the 3 8 7
thermodynamically predicted temperature of maximum enzyme stability falls well below the 3 8 8
statistically fit T opt (Ratkowsky et al. 2005; Corkrey et al. 2014) , suggesting that it is rapid repair,
rather than enhanced stability of enzymes that allows for positive growth at very high temperatures (Angiletta et al. 2003) . Here, the exponential mortality term is weighted inversely by p, which represents investment in
protection from heat-induced denaturation of enzymes (or the induction of repair enzyme 3 9 7 activity); q is the resource content of a cell (quota), which is linearly related to p. Thus, as
investment in protection and repair increases, temperature-dependent mortality decreases. However, temperature-dependent birth is also negatively affected as resources are diverted from been observed in the bacterium Escherichia coli (Mongold et al. 1996) and in the marine extinctions, contributing to diversity loss, especially at low latitudes (Thomas et al. 2012) .
1 9
An increase in the maximum growth rate (fitness) is the most predictable response to the line-mutations in some lines were relevant to NO 3 uptake and metabolism (e.g. genes for cell In the absence of nutrient limitation (and thus any selection for enhanced competitive and high mortality due to failure to meet minimum nitrate quotas), we suggest that future highest-payoff organisms upon which we can conduct evolution experiments; they offer a unique factors. Single-stressor evolution experiments are a valuable first step, but future evolution Foundation Grants OCE 0928819 and 1638958 to EL and CAK. (red). Curves were fit using maximum likelihood estimation. bootstrap parameter values, to aid in visualization of trait differences among selection lines. determined by taking the integral the fit TRN between 0°C and CT max . µ max ) were estimated using generalized leased squares. Bars are ±1 SE. Armbrust, E. V., Berges, J. a, Bowler, C., Green, B. R., Martinez, D., Putnam, N. H., et al. Biol. Sci., 368, 20120080. century. Nature, 466, 591-596.
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